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Introduction
Age hardenable Al-Mg-Si alloys (6xxx-series) are widely used in the transport, automotive, shipbuilding, and aviation industry [1] [2] [3] . Aluminum allows lightweight construction for improved fuel efficiency and reduced CO 2 -emissions. 6xxx-series alloys are especially attractive as they combine good formability with medium to high strength after age hardening, good corrosion resistance, and weldability. In the automotive industry, for example, they are used as outer skin alloys, for non-decorative inner parts, and structural or crash components with individual property criteria [1] [2] [3] [4] [5] . Yet, the ever-growing demand to increase formability and strength for more complex parts of lower weight drives the alloy development considerably [4] [5] [6] [7] .
The delivery of semi-finished products mostly occurs after quenching to enable forming operations at low strength prior to the final heat treatment to gain high strength [4, [8] [9] [10] .
During natural aging (n.a.), which starts directly after quenching from solution heat treatment, the material hardness increases due to solute clustering of Mg-and Si-atoms [11] [12] [13] [14] [15] . This generates two problems for the transportation industry: first, dynamic hardening during n.a. reduces formability [4] ; second, clustering results in a negative effect of n.a. on subsequent artificial aging (a.a.) [12, 13, [16] [17] [18] . The transportation industry, however, requires several months of stable formability combined with good a.a. performance so as to obtain reproducibility of designs that have increasing complexity [4, 10] . Hence, pre-aging treatments have been developed to improve a.a. and to achieve a relatively "stable" material state [8, 10, [19] [20] [21] [22] . Pre-aging treatments, however, result in undesired hardness increase [10] .
This study presents a novel design strategy for 6xxx-alloys to achieve maximal suppression of n.a. hardening after quenching while still achieving a potential for significant a.a. The study builds on recent research showing that trace tin (Sn) addition to the alloy AA6061 can suppress n.a. for 2 weeks and simultaneously improve the a.a. potential [23] [24] [25] .
Here, detailed investigation of the effects of solution treatment temperature and Mg, Si and Cu content in alloys, with and without trace element additions, leads to a designed Al-Mg-Si alloy showing n.a. stability for more than 6 months. Table 1 shows the alloys studied here. Alloys 1-13 were produced at the laboratory scale starting from AA6061 base alloys. After re-melting, pure Mg, Si, Cu, Sn or Sn+In were added to the base alloys to obtain the compositions listed in Table 1 . Ar gas purging was applied to reduce the hydrogen content before the alloys were cast to slabs. After cutting and homogenization, hot rolling was conducted. To check the chemical composition of the final sheets, optical emission spectrometry and, for In, inductively coupled plasma mass spectroscopy, were used. Alloys 14 and 15 with and without Sn addition were industrially produced and supplied by AMAG rolling GmbH in the form of wrought plates. Note that all chemical compositions in Table 1 (Fig. 1a) . The alloy with 70 at. ppm Sn starts hardening after more than 4 days (Fig. 1b) . At lower solution treatment temperatures hardening starts earlier, followed by a steep logarithmic increase in hardening. Between 530 °C and 570 °C, all alloys reach comparable hardness maxima, which is in contrast to a lower peak hardness after annealing at 510 °C.
Methods
The "Sn-free" reference alloy 4 starts hardening within minutes and exhibits similar kinetics after all solution treatment temperatures (Fig. 2) . Between 530 °C and 570 °C, hardness values are similar. After annealing at 510 °C, in contrast, the alloy shows ~5-8 HBW lower hardness until 360 days. The final hardness maxima, however, are comparable to the Sn-added alloys 1-3 after same heat treatments.
Addition of In as a second trace element
To elucidate the effect of combined Sn and In addition on n.a. kinetics (Fig. 3 Figure 3 shows the n.a. (Table 1) . After annealing at 570 °C ( Fig. 4a-6a ) the average alloy starts hardening after ~1 day; after 530 °C ( Fig. 4b-6b) 
Thermodynamic calculations
The thermodynamic calculations in Fig. 7 show the temperature-dependent Sn solubility in the fcc Al matrix between 320 °C and 600 °C for alloys 1, 3 and 14 ( Table 1) .
The low alloyed alloys with 430 and 70 at. ppm Sn show the maximum solubility of Sn at 570 °C (Fig. 7) . At lower temperature the solubility decreases. Similar values were calculated for alloy 2, but for the sake of clarity not shown in Fig. 7 . The same trend applies for alloy 14, but at 570 °C it exhibits a higher Sn solubility.
For combined Sn and In addition, the thermodynamic calculations in Fig wt.% Cu do not suggest any influence on the Sn solubility (Fig. 9c ).
Discussion
The results showed that n.a. kinetics of the Sn-added Al-Mg-Si alloys is significantly influenced by the Sn content, the solution treatment temperature applied, the Mg, Si and Cu content and additional trace elements. For the solution heat treatments applied, it is assumed that the total amount of Sn dissolved at the solution treatment temperature is quenched-in, resulting in a concentration of Sn in fcc Al %& at room temperature. This implies that the maximum quenchable %& is limited by the Sn solubility at a given solution treatment temperature. According to the calculations in Fig. 7 , at lower temperature the Sn solubility decreases, which reduces %& at room temperature. To quantify the retardation of n.a. hardening at temperature due to Sn additions, we recently proposed a retardation factor [23] which shows a linear dependency
Where ∆ %8 is the solute-vacancy binding energy and the Boltzmann's constant. Thus the link between the influence of solution treatment temperature on retardation of n.a. hardening ( Fig. 1 ) and the calculated temperature-dependency of the Sn solubility ( Fig. 7) Fig. 1a and 1b ). Alloy 2 with 96 at. ppm and alloy 3 with 430 at. ppm Sn, on the other hand, start hardening at nearly the same time. From this observation we assume that the real Sn solubility of alloys 1-3 is higher than the calculated 55 at. ppm, namely >70 ppm but ≦100 at. ppm. Indeed, the Sn solubility in an AA6061 alloy containing a Mg, Si and Cu content comparable to alloys 1-3 was experimentally found to be ~100 at. ppm after annealing at 570 °C [23] . Consequently, it is assumed that the 96 and 430 at. ppm Sn alloys generate comparable quenched-in %& , which explains the similar hardening kinetics (Fig. 1a) . Based on these results, the Sn content in alloys 5-14 was adjusted at ~100 at. ppm. 
For sufficient high T ; , the denominator approaches 1 and can be neglected. Thus, the retardation factor for combined trace element addition is approximately 
According to Eq. 3, In fulfills both preconditions to be effective in the retardation of n.a. hardening: (i) it shows a strong solute-vacancy binding energy of ~0.20 eV [26] and (ii) thermodynamic calculations indicate a reasonable solubility in fcc Al (see Fig. 8 ).
Compared to the solely Sn-added alloys 2 and 5 of comparable composition, the Inadded alloys 12 and 13 with low or average Mg, Si and Cu content show significantly retarded n.a. hardening after annealing at 530 °C, while n.a. kinetics after 570 °C are only reduced slightly (compare Fig. 3 to alloy 2 in Fig. 1a and alloy 5 in Fig. 4-6 ). This can be explained by the trend toward increasing In solubility at lower solution treatment temperatures (Fig. 8) . It is concluded that the effect of trace elements on retardation of n.a.
hardening can be expanded to a broad solution treatment temperature range by a combination of Sn and In additions. However, this effect is limited by the mutual influences on element solubility as shown in Fig. 8 .
Influence of Mg, Si and Cu content and mechanisms
The influence of Mg, Si and Cu content on n.a. kinetics in Fig. 4 -6 can be interpreted with the Sn solubility curves in Fig. 9 and considering clustering mechanisms in Al-Mg-Si alloys.
According to Fig. 9a , an increase in Si content reduces the Sn solubility at the solution treatment temperatures investigated and thus reduces %& . According to Eq. 1, the reduction of %& at 570 °C by a factor of ~1.8 should increase n.a. kinetics by the same factor. The ratio of hardening onset times in Fig. 4a is, however, ~20, decreasing from ~7 days (alloy 9) to ~8 h (alloy 8). Although the computed values of %& might be not totally accurate, it is not expected that the error of the thermodynamic calculations is sufficient to account for the observed differences. Thus the lower %& only partly explains the observed earlier n.a.
hardening for higher Si content (Fig. 4) .
We compare our findings with the latest research on n.a. clustering in Sn-free Al-MgSi alloys. At the beginning of n.a., clustering is dominated by solute-vacancy complexes (stage I). In the following clustering stage II, the fraction of vacancy-free clusters continuously increases until these dominate [15] . Both types of clusters are interpreted as predominantly involving Si and result in an increase of electrical resistivity or hardening at an initial rate in stage I and a more rapid increase in stage II [13, 14, 29, 30] . Both linear logarithmic stages are present in the hardening curves in Fig. 1-6 . With exception of a recent study by Kim et al. [31] , most studies on n.a. kinetics of Sn-free Al-Mg-Si alloys including the effect of Si show, unfortunately, only results for ≥ 60 min n.a. [16, 32] , so that the first stages are not revealed. The only effect observed is a higher n.a. hardness for alloys with increased Si content. Note that the same effect is observable here for Si variations in Fig. 4 .
In ref. [31] an earlier onset of n.a. hardening is seen the higher the Si content. All studies, including those focusing on the influence of Si content on a.a. kinetics [16, [31] [32] [33] , interpret the higher n.a. hardness or better a.a. performance of high Si-alloyed Al-Mg-Si alloys (e.g.
6016) as being primarily influenced by the early clustering processes [16] and rapidly
forming Si(-rich) clusters [31] [32] [33] , respectively. A higher Si content can be consequently expected to increase early stage clustering kinetics during n.a. [13, 14, 29, 31, 34] . The higher initial hardness for high Si content after annealing at 570 °C (Fig. 4a) , in contrast, may be attributed to pre-existing Si clusters formed during quenching. Indirect evidence of faster hardening kinetics at higher Si content is given in ref. [34, 35] where a pure Al-Mg-Si alloy is compared to an alloy with Fe and Mn addition. The slower hardening kinetics of the Fe-and Mn-containing alloy is attributed to the formation of intermetallic phases containing Si. This lowers the quenchable Si-concentration in the matrix and thus the rate of clustering [34] .
Summing up, these studies support the hypothesis that Si-related clustering controls the beginning of n.a. and its kinetics [13, 14, [29] [30] [31] 36] . This implies that, due to the formation of Si-vacancy complexes, early Si clustering is controlled by the availability of quenched-in excess vacancies (compare ref. [29, 30] ) because during n.a., vacancies detach from unstable solute-vacancy complexes or vacancy-containing clusters to transport further solute atoms to emerging vacancy-free clusters [29, 30, 37] . With Sn additions, the formation kinetics of vacancy free-clusters is supposed to be slowed down due to the favorable trapping of vacancies in stable Sn-vacancy pairs [23] , resulting in a reduction of untrapped vacancies available for Si clustering. Thus two trends may produce the accelerated n.a. kinetics at higher Si content in stages I and II (Fig. 4) : first, the lower quenched-in %& (Fig. 9a) corresponds to fewer trapped vacancies and thus more untrapped vacancies; second, in alloys with higher Si content the vacancy diffusion distances to nearby Si atoms are reduced for untrapped and detached vacancies (compare ref. [38] ). A more detailed analysis of the mechanisms involved is the subject of on-going research. An increase in Cu content does not influence Sn solubility, but shows a trend toward retardation of n.a. hardening (compare Fig. 5 and 9c ). Cu addition to Al-Mg-Si alloys is known to lower the first clustering peak in DSC-measurements that is related to Si clustering in stages I-II and also to reduce early stage n.a. kinetics [34, [39] [40] [41] . Cu also shows an attractive solute-vacancy binding energy [26, 42] . Assuming that Cu stays dissolved in the fcc Step (i) is applicable to any Al-Mg-Si alloy. With thermodynamic calculations of Sn-added alloys, the solution treatment temperature with the highest Sn solubility is computable. For the alloy investigated in this study, this is ~560-570 °C (Fig. 7) .
Step (ii) requires understanding of the influence of composition on n.a. kinetics. Compared to the average alloy 5 (Tab. 1), the investigations on alloys within the standards of AA6061 revealed retarded n.a. hardening for low Si-and high Cu-content, and a small effect of Mg on kinetics ( Fig. 3-5) . However, Cu addition should be treated with care, to still meet the product requirements on corrosion resistivity [43] [44] [45] .
Step (iii) expands steps (i) and (ii) with a second trace element of high solute-vacancy binding energy and reasonable solubility in the Al-Mg-Si alloy. A significant retardation of n.a. hardening at low solution treatment temperatures (~530 °C) was found with In addition to Sn-added AA6061 (Fig. 6 ). For industrial application of In, however, the high metal price needs to be considered.
Designed alloy
In light of the above, we have developed a Sn-added Al-Mg-Si alloy that contains low Mg, very low Si and high Cu content, while remaining within the standards of alloy AA6061
(alloy 14 in Tab. 1, symbol: ↓⬇↑). For reference, we have also prepared a similar alloy, alloy 15, containing essentially no Sn additions. Derived from the strategy steps this approach focuses on identifying the maximum suppression of n.a. hardening with trace Sn addition.
The calculations presented in Fig. 7 confirm that the developed alloy shows the highest calculated Sn solubility in fcc Al of all alloys investigated in this study. Figure 10a compares n.a. hardening curves of the designed alloy 14 with the "Sn-free" alloy 15 of comparable composition. The designed alloy shows improved n.a. stability at both solution treatment temperatures, i.e. after annealing at 530 °C hardening starts after 14 days. After a solution heat treatment at 570 °C, the as-quenched alloy 14 is stable for more than 180 days.
Thereafter, it takes ~405 days of n.a. until alloy 14 reaches a peak hardness that is similar to that of the "Sn-free" alloy 15. As further shown in Fig. 10a , the "Sn-free" alloy 15 shows comparable hardness values and n.a. kinetics for both solution treatment temperatures investigated. But compared to the "Sn-free" alloy 4 with low Mg, Si and Cu content (Fig. 2) , alloy 15 reveals significantly slower hardening kinetics, i.e. it starts hardening only after ~3 h and takes more than 90 days to reach maximum hardness. Consequently, Sn-free Al-Mg-Si alloys within the range of commercial compositions can achieve retarded n.a. hardening for low Si and high Cu content.
For applications of Al-Mg-Si alloys, the a.a. performance for optimum strength in service is also required. Figure 10b shows the a.a. performance of the designed alloy 14 after annealing at 570 °C followed by 3 months of n.a.; results for the "Sn-free" alloy 15 are also temperatures (ref. [24] ).
Conclusions
The objective of this study was to develop a design strategy to reduce natural aging (n.a.)
kinetics of Al-Mg-Si alloys while still achieving a significant artificial aging (a.a.) potential.
Through an extensive study across a range of composition space, we have found that
• The addition of trace elements with high solute-vacancy binding energy and reasonable solubility in the Al matrix retards diffusional processes during n.a.
• For maximum retardation of n.a. hardening with trace Sn addition, the application of a high solution treatment temperature is necessary to obtain the maximum quenchable Sn solubility.
• The influences of Mg, Si and Cu content are explained via their effect on Sn solubility and individual effect on clustering. Si increases n.a. clustering kinetics and lowers the quenchable Sn solubility. Cu retards n.a. hardening, but does not influence the Sn solubility and is therefore believed to show a similar, but weaker effect as Sn. Mg lowers the quenchable Sn solubility only.
• Application of a new design strategy has led to the development of a new Sn-added Al-
Mg-Si alloy that shows n.a. stability of more than 6 months and a significant a.a.
potential.
Overall, the new design strategy and underlying aging mechanisms have the potential to trigger the development of new industrial Al-Mg-Si alloys in general, and especially in the field of transportation industries that have a demand for highly formable materials. shown. a) Natural aging (n.a.) kinetics after annealing at 530 °C and 570 °C where after annealing at 570 °C, the designed alloy is stable for >180 days. b) Artificial aging (a.a.) after annealing at 570 °C followed by 3 months of n.a. where the designed alloy shows a significant a.a. potential.
